Efforts to read medieval manuscript waste recycled as bookbinding material in the sixteenth and seventeenth centuries have resulted in the chemical analysis of four books housed at the University Library of Southern Denmark and the Smithsonian Libraries in Washington DC. Four green coloured book bindings have been investigated by optical microscopy, micro X-ray fluorescence, X-ray diffraction, Raman spectroscopy, mass spectroscopy, and laser ablation inductively coupled plasma mass spectrometry. The results show that the green pigments used to obscure the manuscript waste in all four cases contain orpiment (As 2 S 3 ) and indigo (C 16 H 11 N 2 O 2 ). Although the books were printed in diverse places in Europe-Basel, Bologna, and Lübeck-the styles of their bindings indicate that they were likely bound in the same region in the same period. It is further likely that they acquired their arsenic-rich paint as part of the bookbinding process. Issues concerning the toxicity, health issues for library staff, conservators and researchers handling the books are also addressed.
Introduction
Initially, three sixteenth and seventeenth century books were identified in the Herlufsholm Special Collection of the University Library of Southern Denmark, the bindings of which were partly decorated with green paint found to contain arsenic. This was reported in Denmark [1] and projected to the public, internationally, via The Conversation [2] . The matter received considerable public attention due to the apparent resemblance of the three green books to the deadly book of Aristotle that plays a vital part in the plot of Umberto Eco's 1980 novel The Name of the Rose. This media coverage precipitated the discovery of another book of the same period, also with green paint at the Smithsonian Libraries in Washington DC, USA. It became clear very quickly using portable X-ray fluorescence (XRF) that the latter also contained arsenic. Originally, relying only on µ-XRF in Denmark it was speculated that the paint could perhaps be Emerald Green (Cu(CH 3 COO) 2 ·3Cu(AsO 2 ) 2 ), which the present work shows is not the case. This seems to be the first report on poisonous green book bindings in the scientific literature. The question of the nature of the green colour, its original purpose, its chemistry, the particular history of the physical objects, as well as issues related to the handling and keeping of the particular books-and of similar painted works-is of potential importance to academic and national libraries, archives, museums, collectors, as well as to historical chemistry and physics.
The results of the present work are contextualized with a brief discussion of the materials used to create the paint, as well as sixteenth and seventeenth century binding practice. Finally, this paper addresses what the University of Southern Denmark and the Smithsonian Binding: Contemporary sixteenth century blind-tooled alum-tawed half-pigskin with a palmette frieze centre column (rolled), flanked by blind-tooled (rolled) biblical motifs and texts in two columns, encased by blind-tooled lines. Seven raised spine bands. The texts: (1) APPARVIT BENIGNI D-Epistle of St Paul to Titus 3:4: But when the goodness and kindness of God our Saviour appeared.
(2) ECCE AGNUS DEI-John 1:29: Behold the Lamb of God that taketh away the sin of the world. 3) DATA EST MICHI OM [nis potesta in calo]-Matthew 28:18: All authority in heaven and on earth has been given to me. 4) DE FRVCTV VENT (-ris: VENT is rolled with a reversed N)-Psalm 131:11: The Lord hath sworn truth to David, and he will not make it void: of the fruit of thy womb I will set upon thy throne [3, 4] . Green pigment on parchment fragments, obscuring medieval text (front cover: Corpus Iuris Canonici, De rescriptis, Sexti Decret. Lib. I. Tit. III. Cap. XII-XIV. Back cover: Corpus Iuris Civilis (Justinian), Feudorum Lib. I, Tit. IX-XIII.). Blind-tooled lines on parchment fragments (front and back cover).
Provenance (modern labels of ownership excluded):
• Latin inscription on title leaf, bottom, sixteenth century.
R. V. D. M. Valentino Schachtio fratri, in(?) Ch. Ani. ddt Henricus Schinkius. Heinrich Schinke (died 1593) was second vicar in Güstrow, Mecklenburg [5, 6] . Valentin Schacht Fig. 1 a KLR-11920/Herlufsholm 768.6. exterior, frontispiece, and sampling site; b KLR-11971/Herlufsholm 775.2. exterior, frontispiece, and sampling site; c KLR-11972/Herlufsholm 186.6. exterior, frontispiece, and sampling site; d KLR-12109/Smithsonian QH41.A43 1602. Exterior, frontispiece, and sampling site. All the samples extracted are ca 5 × 5 mm. The dimensions and other bibliographical details of the books are given in the text (1540-1607), was a professor of theology at the University of Rostock (est. 1419) [7] , archdeacon/pastor at St. Jakobi in Rostock, rector of the University of Rostock 1570, 1582, 1588, 1594, and 1600. The abbreviation "R. V. D. M. " could stand for" Rector Universitatis Dominus Magister". It would appear that the older Heinrich Schinke gave (lat. dedit) this book to his brother of the church, Valentin Schacht. • Unfortunately, not much is known about how or when this book came into the collection of the Smithsonian Libraries. The presence of a blind-embossed "Smithsonian Institution National Museum" stamp indicates that the book was in the collection prior to the opening of the Natural History Museum in 1911. • There are a few other small annotations on the front and rear pastedowns that appear to indicate a contemporary shelfmark.
Analytical methods

Sample mounting and use
Samples of ca. 5 × 5 mm were procured by cutting with a scalpel from the inside of the bookbindings. The sample size was considered necessary in order to perform the array of analytical techniques described below, the large sample size mainly due to have sufficient area for XRD. A ca. 5 × 2 mm piece was cut of each sample and embedded edge-up in Struers Epofix Resin. The embedded sample was ground on a Struers LaboForce 100 grinding and polishing machine using 500 and 1200 SiC abrasive foils, followed by diamond polishing with 9, 3, and 1 µm diamond paste.
Optical microscopy
Optical images were recorded in polarized light using a Zeiss Axioscope microscope equipped with an Axiocam 105 Color camera.
Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
Laser ablation (LA) was performed with a CETAC LXS-213 G2 equipped with a NdYAG laser operating at the fifth harmonics at a wavelength of 213 nm. A 10 µm circular aperture was used. The shot frequency was 20 Hz. The scans were performed with a scan speed of 10 µm/s. The helium flow was 600 mL/min. The laser operations were controlled by the DigiLaz G2 software provided by CETAC [8] .
Inductively coupled plasma mass spectrometry (ICP-MS) analyses were carried out using a Bruker Aurora M90 equipped with a frequency matching RF-generator. The basic parameters were as follows: radiofrequency power 1.30 kW; plasma argon gas flow rate 16.5 L/min; auxiliary gas flow rate 1.65 L/min; sheath gas flow rate 0.18 L/min. The following isotopes were measured all without skimmer gas: Na23, Mg24, Al27, Ca44, Fe57, Cu65, As75, Rb85, Sr88, Ag107, Sb121, Ba137, Au197, Hg202 and Pb208. The analysis mode used was peak hopping with 3 points per peak, and the dwell time was 1 ms for Na23, Ca44, Mn55 and Fe57, and 10 ms for the rest of the analysed isotopes. The total scan time for all the selected isotopes was approximately 280 ms.
LA-ICP-MS analyses were performed on the Epoxy embedded samples.
µ-X-ray fluorescence spectrometry (µ-XRF)
An ARTAX-800 µ-XRF manufactured by Bruker-Nano was used for the µ-XRF measurements. The beam diameter was between 60 and 64 µm in diameter. A high tension of 50 kV and a current of 600 µA were used. For each sample, 200 scans were measured with a 30 s live time under a constant He flow of 1 mL/min. The penetration of 50 keV X-rays is several µm and based on absorption calculations for the outgoing low energy X-rays (NIST-XCOM) it can be seen, that the analyses reflect a layer of approximately 1-20 µm thickness depending on the chemistry of the outermost layer.
Absolute calibration of the concentrations has been performed by the DCCR-method (Direct Calibration from Count Rates) provided by the Bruker software using the standard reference material NIST-2711. For the determination of S, a NIST-610 standard was used with the assumed S concentration value of 570 ± 70 µg/g [9] . The quantitative results can only be considered semiquantitative because of the difference between the matrix of the samples (paint layer on parchment) and the matrix of the standard materials (glass for NIST-610 and pressed pellet from NIST-2711).
The µ-XRF measurements were performed perpendicular to surface area of the cut samples from the four books.
X-ray diffraction (XRD)
The analysis was performed using a PANalytical X'Pert PRO MPD system (PW3050/60) diffractometer with Cu Kα radiation as the source (λ = 1.54 Å) and a PIXcel3D detector. The X-ray generator was set to an acceleration voltage of 45 kV and a filament emission to 40 mA. The samples have been placed in a sample-holder and was sealed between two sheets of Kapton polyimide foil. All measurements were performed with a 2Θ angle step size of 0.013° and a counting time of 1500 s per step in a range from 5° to 75° 2Θ. An empty sample holder with the Kapton polyimide foil was also measured in the same conditions in order to subtract the background caused by the foil. Data were collected using X'Pert Data Collector. The qualitative analysis was performed using Highscore Plus software and Crystal Impact Match software linked to the ICDD PDF-2 database. The semi-quantitative results have been measured using the reference intensity ratio method (RIR).
The XRD measurements were performed on the painted surface of the cut out samples.
Raman spectroscopy
Raman measurements were conducted using a Thermo Scientific DXR Raman microscope equipped with a 633 nm laser and a 10× objective. The laser power was 3 mW, the spectral resolution was 5 cm −1 at full width at half maximum (FWHM) and the spot size had a diameter of 2.1 µm.
The Raman spectroscopy was performed on the painted surfaces of the cut out samples.
Mass spectrometry
A sample of surficial scrapings of less than 0.1 mg of the green paint was dissolved in acetonitrile and a mass spectrum acquired on a Bruker micro TOF QII. The instrument was operated with electrospray ionization in positive mode. The capillary voltage was set to − 4200 V.
Air samples
At the Smithsonian Libraries, air samples were collected for both arsenic and arsine to help determine exposure to library staff, and to provide information for developing appropriate storage and handling protocols. The air sampling was performed for only one of the four books in this study, the KLR-12109.
Two types of air samples were collected, personal exposure and ambient air. Air monitoring for personal exposure was performed on a Smithsonian Library staffer during the procurement of the book binding sample for this study. A laboratory chemical fume hood was used to control exposure during the book sampling. Ambient air samples were collected, subsequently, near the surfaces of the book while the book was unhandled and left inside the laboratory chemical fume hood, with the sash positioned down and the fan turned off, to produce "worstcase scenario" air concentrations. Air samples were also collected, at the same time, on another Smithsonian Libraries conserved book that had arsenic-containing edge staining. This book was handled, and pages were thumbed through by the staffer during the sampling. While this book was not part of this study, the results are included in this paper to provide additional information to the reader on potential exposure levels from other types of arsenic-containing books.
Personal exposure air monitoring samples for arsenic (inorganic) particulate and arsenic trioxide vapor were collected using calibrated air sampling pumps, connected via Tygon@ tubing to 37 mm mixed cellulose ester filter cassettes (MCEF) with treated backup pads, and positioned in the staffer's breathing zone (BZ) at collar level. Ambient air samples were similarly collected, with sampling cassettes positioned in close proximity to the book's surface. The air sampling pumps were calibrated at a flow rate of 3 L per minute. All samples, including field blanks, were analyzed for arsenic using OSHA Method ID105 M (ICP-MS) by Analytics Corporation, an accredited industrial hygiene laboratory.
Personal exposure air monitoring samples for arsine were collected using calibrated air sampling pumps, connected via Tygon@ tubing to charcoal sampling tubes, and positioned in the worker's BZ at collar level. Ambient air samples were similarly collected, with sampling tubes positioned in close proximity to the book's surface. The air sampling pumps were calibrated at a flow rate of 0.2 L per minute. All samples, including field blanks, were analyzed for arsine using NIOSH Method 6001 M by Analytics Corporation, an accredited industrial hygiene laboratory.
Arsenic exposure air monitoring results were compared with the OSHA Permissible Exposure Limit (PEL) of 0.01 milligrams per cubic meter of air (mg/m 3 ) and the action level of 0.005 mg/m 3 , which is used to determine the need for inclusion in an occupational medical surveillance program. Arsine results were compared with the OSHA PEL of 0.05 parts per million parts air (ppm) and the action level of 0.025 ppm. All OSHA PELs and action levels are calculated as 8-h time-weighted average (TWA) exposure concentrations.
The exposure air monitoring results were also compared to the non-regulatory exposure limits recommended by ACGIH and NIOSH. ACGIH and NIOSH limits are considered best practice, "health-based" exposure limits that nearly all workers may be repeatedly exposed to without adverse health effects, based on the available scientific information. The ACGIH Threshold Limit Value (TLV) for arsenic is the same as the OSHA PEL. The ACGIH TLV for arsine is 0.005 ppm. The NIOSH Recommended Exposure Limit (REL) for arsenic is 0.002 mg/m 3 for a 15-min exposure, and the REL for arsine is 0.0006 ppm, also for a 15-min exposure.
Wipe samples
At the Smithsonian Libraries, surface wipe samples were also collected for arsenic to assess surface contamination, which could pose an arsenic exposure hazard to staff, in addition to handling the books themselves. Detectable arsenic concentrations on wipe samples indicate contamination on surfaces contacted by the book, which would need to be addressed by handling and storage protocols The wipe sampling was performed for only one of the four books in this study, the KLR-12109.
The arsenic wipe samples were collected, using a Ghost Wipe kit, from the blotter paper placed under the book in the laboratory chemical fume hood, and from gloved hand surfaces of the Smithsonian Library staffer after the book was handled and the binding sample procured for this study. The samples were collected using NIOSH 9102 protocol. The samples were analyzed using NIOSH 7082 M/7300 by Analytics Corporation, an accredited industrial hygiene laboratory. Wipe samples were also collected, at the same time, on the other Smithsonian Libraries conserved book with the arsenic-containing edge staining. This book was handled, and pages were thumbed through by the staffer prior to the wipe sampling. While this book was not part of this study, the results are included in this paper to provide additional information to the reader on potential exposure levels from other types of arsenic-containing books.
The level of risk posed by the arsenic concentrations reported on the wipe samples was assessed by comparing the concentrations to the "health-based" settled dust screening value for arsenic of 387 µg/m 2 , as OSHA, ACGIH, and NIOSH do not currently have regulatory/ recommended limits for surface wipes. The screening value, based on an assigned toxicity value for arsenic, was developed by the World Trade Center (WTC) Indoor Air Task Force Working Group to be protective of long-term habitability of residential buildings, post 9/11, to evaluate potential inhalation and ingestion risk from surface contamination levels reported for various contaminates, including arsenic. This screening value is published in the "World Trade Center Indoor Environmental Assessment: Selecting Contaminants of Potential Concern and Setting Health-Based Benchmarks" (Mark A. Maddaloni et al. 2003, https ://epa-prgs.ornl.gov/radio nucli des/copc_bench mark.pdf ) [10] .
Results
Microscopic observations
The four microscope pictures taken in polarized light ( Fig. 2) show that the four samples are different in appearance and in thickness of the applied green paint layer. KLR11920/Herlufsholm 768.6 has a paint layer which at places is thicker than 200 µm. The matrix is observed to be made of fine grains with light green or blue colour. Embedded in this matrix is seen several yellow coarser crystals, several flakes or fibres of the colour light olive green, and some white or translucent grains. On the sample KLR-11971/Herlufsholm 775.2, the green layer is thinner than 10 µm. Like KLR11920, yellow and translucid crystals can be seen, as well as the green-blue compound which appears non-crystalline. However, the fine-grained matrix is not visible on this sample. KLR-11972/Herlufsholm 186.6 has also a thin green paint layer in which yellow coarse crystals are embedded. KLR-12109/Smithsonian QH41.A43 1602 has a distinct and well-defined paint layer where coarse yellow crystals as well as translucent crystals are seen in a green/blue matrix. The differences in thickness probably only reflect that paint was applied in varying thicknesses.
LA-ICP-MS
The spatial distribution of 15 selected isotopes determined by LA-ICP-MS are shown in Fig. 3 . At the top is shown an optical micrograph of the embedded sample taken in polarized light. The first column of elemental distribution plots consists of five elements which are considered non-colouring and non-toxic: Na, Mg, Al, Ca, and Sr. The next two columns are the most interesting elements from the present perspective of colour and toxicity: As, Sb, Cu, Fe, Ag, Ba, Au, Hg, and Pb. Rubidium cannot be considered toxic, but it is clearly co-varying with the arsenic containing paint, which is why it is placed here. It should be noted that the LA-ICP-MS results have not been quantified. However, the data clearly displays the spatial distribution of the various elements. The micro photograph of KLR-11920/Herlufsholm 768.6 shows a more than 300 µm thick green paint layer on the top side and an orange-red layer on the reverse side ( Fig. 3a) . It is seen on the elemental plots of Fig. 3a that the orange-red layer contains high amounts of Hg and small amounts of Pb, Al, and Sr. The identification based on LA-ICP-MS and on the colour is that the pigment in the red-orange paint is cinnabar (HgS). The green paint contains a variety of possible colorants or toxic elements: As, Sb, Cu, Fe, Ag, Au, and Pb; as well as other elements: Rb, Na, Al, Ca, and Sr. The parchment wedged between the green paint and the cinnabar, contains Na, Ca, and Sr. These elements are most likely derived from the preparation of the parchment.
KLR-11971/Herlufsholm 775.2 (Fig. 3b ) has a very thin paint layer of approximately 5 µm thickness on both sides. The paint on the lower (concave) side is high in As, Sb, Cu, Rb, Ag, Ba, Hg, and Pb, as well as in Al. The very thin paint layer on the upper side is low in As and Sb; Hg and Pb are not detected by LA-ICP-MS; but the paint layer contains some Cu, Fe, Rb, Ag, Ba, and Au. In this sample the parchment contains Na, Mg, Al, Ca, Sr, Cu, Ba, and Au, which must be said to be a special, even peculiar, inorganic inventory of the parchment itself. An interesting observation on KLR-11871/Herlufsholm 775.2 is that Hg and Pb are only detected in the lower (concave) paint layer.
KLR-11972/Herlufsholm 186.6 ( Fig. 3c ) has a brilliant and distinct green/yellowish layer on the top side, and another similarly coloured layer on the lower side, which, however, is partly embedded in the parchment. The top paint layer contains As, Sb, Cu, Fe, Rb, Ag, Ba, Hg, and Pb. No Au was detected by LA-ICP-MS in this sample. The lower layer contains similar amounts of As, Sb, Cu, and Pb, and only very small amounts of Fe, Rb, Ag, and Hg. Barium is higher in the lower layer. The parchment in this sample is high in Na, Mg, Ca, and Sr, while Al is situated equally on both surfaces signifying that Al originates from clay minerals/dust. KLR-12109/Smithsonian QH41.A43 1602 (Fig. 3d ) has only one distinct and brilliant layer of green paint on the top side. This layer is high in As, Sb, Cu, Rb, Ag, Ba, Au, Hg, and Pb, while there is no discernible Fe present. The parchment itself contains Na, Mg, Ca, and Sr, probably stemming from the original medieval curing of the parchment.
µ-X-ray fluorescence
The elemental compositions measured with µ-XRF are shown in Table 1 , which is divided in two parts: in the upper half the elements listed are considered non-colorant and non-toxic, and in the lower half the elements listed are considered potentially colorants and toxic. Even though sulphur is not considered toxic, it is listed with the toxic elements because of the likely association with As when not related to Hg.
The results of the µ-XRF analyses are quite similar in the samples from the four book covers ( Table 1) . The most abundant elements are As, S, Si, and Ca. Lower quantities of Al, K, Ca, Ti, Mn, Fe, Cu, Zn, Pb, Ba, Sr, Ag, and Sb are also measured in various proportions. Presence of Hg is detected in appreciable amounts in KLR-11920, and in lower quantities in KLR-11971 and KLR-11972.
All four compositions are characterised by high amounts of As and S which suggests the presence of orpiment (As 2 S 3 ). The mass ratio between As and S in the stoichiometric formula of this mineral is 1.56. In KLR-11971, KLR-11971, KLR-11972, and KLR-12109 the As:S mass ratio is 2.33, 1.19, 2.41, and 2.40, respectively, which indicate a surplus of As in all the samples except KLR-11971. This is likely caused by the recipe or method of manufacturing of the pigment. The ranges of concentration values of Si and Fe are quite narrow, whereas the concentrations of Ca, Al, and K are occurring in wider ranges. The LA-ICP-MS analysis showed that both Al and Ca are located on the surface layers as well as in the interior of the parchment. Thus, a part of the variation for these two elements, and probably K as well, could come from a difference in the preparation of the original parchment [11] . The narrow ranges of variation of Si and Fe could be due to these elements originating from dust grains attached to the surface of the parchment through the centuries. The measurements of Ti, Mn, Cu, Zn, Sr, Ag, and Sb show very low concentrations, all below 0.1%. The gold detected by LA-ICP-MS was not identified with the µ-XRF, because of the much lower detection limit of the µ-XRF.
For KLR-11920/Herlufsholm 768.6, the amount of Ca and Al is lower than in the other samples however according to the results of the LA-ICP-MS analysis, these elements are also identified in the parchment and could therefore come from a different curing method. The amount of Hg is the highest measured in this study. Mercury is located in the red cinnabar layer on the concave side of the sample.
Concerning KLR-11971/Herlufsholm 775.2, the concentrations of As and S are the lowest registered in the four samples, which is likely linked to the thinness of the paint layer. The As/S ratio of 1.19 suggest an excess of sulphur in contrast to the other samples. According to the LA-ICP-MS analysis, relative high proportions of Ca and Al are located inside the parchment and not in the surface layers. The relatively high value of Cu measured in this sample seems to come from the surface layer, as is also the case for Hg.
In KLR-11972/Herlufsholm 186.6, the As and S concentrations are intermediate between the two previous samples. According to the LA-ICP-MS analysis, Hg and Pb are located in the surface layer-like in sample KLR-11971.
Concerning KLR-12109/Smithsonian QH41.A43 1602, the amounts of As and S are almost identical to the ones measured in KLR-19972. The major difference between this and the previous sample is the absence of Hg and the higher amount of K. The excess K could come from a difference in the type of parchment used, but since K is not mapped with LA-ICP-MS, this cannot be ascertained with certainty.
X-ray diffraction
The XRD patterns of the four sample are shown in Fig. 4 . The use of the Kapton polyimide foil to seal the samples in the sample holder induced a high background between 5° and 30°. This background is subtracted from the pattern before processing the data. Because of the thinness of the surface layer on the samples KLR-11971 and KLR-11972, the intensity of the signal is lower for these two diffractograms and thus, the background relatively higher. XRD patterns highlight the presence of calcite and quartz in addition to orpiment.
The four patterns exhibit the same peaks belonging to three mineralogical phases: orpiment (As 2 S 3 ), quartz (SiO 2 ), and calcite (CaCO 3 ). All the major and minor peaks belonging to orpiment are identified. Thus, the XRD results confirm that the As and S measured in the elemental analysis belong to this phase. The four major peaks attributable to quartz and calcite are also identified. The differences between the four patterns are related to the intensity of the peaks and the shape of the calcite peaks.
The semi-quantitative results calculated using the generalized reference intensity ratio (RIR) method are listed in Table 2 . In KLR-11920, KLR-11972, and KLR-12109, orpiment accounts for more than 60% of the minerals detected, calcite between 10% and 30%, and quartz between 17 and 27%. The proportion is different in KLR-11971, where orpiment accounts for only 32%, calcite for 30%, and quartz 38%. It can therefore be said that although the overall recipe for the production of the pigment is similar in all four books, KLR-11971 is slightly different in the mixing ratio. 
Raman spectroscopy
For each book, the µ-Raman analysis performed on the green layer have been focused on the yellow minerals and on the green phases (Fig. 5 ). The spectra were recorded between 100 and 1700/cm but the ones from the yellow minerals are focused on the region 100-450/cm where the peaks are located. The positions and the vibrational assignments of the identified bands are listed in Table 3 and the spectra taken is shown in Fig. 5 . In the analysis performed on the yellow minerals, seven bands characteristic of orpiment are detected at ∼ 132, 153, 199, 290, 307, 350, and 382/cm. The signal from the orpiment is very clear and even the weak intensity bands are displayed. These results combined with the XRD identification confirms that the yellow minerals observed in the micro-photographs are indeed orpiment in all four cases. The spectra produced by the analysis performed on the green phases (Fig. 5b ) exhibit the three characteristic bands belonging of indigo (C 16 H 10 N 2 O 2 ) located at ∼ 546, 600, and 1584/cm. In KLR-11920 there is also seen the characteristic lines of orpiment along with indigo, so here a small grain of orpiment was also hit by the laser beam. As an extra confirmation, a scraping from the surficial layer of KLR-11920 was subjected to MS, which showed the presence of protonated indigo (see Fig. 6 ).
The intensity of the Raman signal seems to be correlated with the thickness of the paint layer, but the bands are still displayed even for sample KLR-11971, which has the thinnest paint layer. The reference Raman spectra of the indigo is characterised by the presence of several weaker intensity bands, but they are usually not displayed in the analyses of green pigment made of orpiment and indigo [12] [13] [14] .
Mass spectrometry results
A sample scraped of the surface of KLR-11920/Herlufsholm 768.6 has been analysed with mass spectrometry. The structure of the indigo molecule contains two internal hydrogen bonds and thus can be protonated more easily than deprotonated [15] . The m/z ratio of the protonated indigo (C 16 H 11 N 2 O 2 ) is 263.08. The mass spectrum of the sample KLR-11920 is displayed in the Fig. 6 . The peak at 263.08 confirms the identification of indigo made from the Raman spectra.
Air samples
All personal exposure and ambient air sampling results for arsenic and arsine were reported as below the limit of detection for the analysis methods used. The detection limit for the sampling method was 0.1 µg for total arsenic, and 0.01 µg for arsine. The resulting 8-h TWA exposure calculation for the Smithsonian Library staffer monitored was < 0.13 µg/m 3 for total arsenic and < 0.064 ppb for arsine, which is significantly below both the OSHA PEL and the action level, and the ACGIH and NIOSH recommended limits.
Wipe samples
Three of the four surface wipe samples for arsenic yielded detectable results, ranging from 270 to 5490 µg/m 2 , indicating significant surface contamination. Two of the three samples had sample concentrations exceeding the 387 µg/m 2 WTC recommended benchmark, indicating a need to develop safe work practices for handling arsenic containing books that also address preventing surface contamination. These two samples came from the blotter papers placed 
Discussion
Minerals and phases present
The LA-ICP-MS measurements reveal the detection of several interesting trace elements, such as Cu, Sb, Ba, Au and Pb. Antimony are probably present as trace amounts replacing As in orpiment, but Cu, Ba, Au and Pb are not readily explained. However, they are most likely also present as traces in orpiment, because no other mineral phases have been observed by XRD or Raman spectroscopy. An intriguing detail is that Hg and Pb are present only in the lower paint layer of KLR-11871/Herlufsholm 775.2, not in the upper. It is therefore probable, that the recipe or provenance of the two paint layers on either side of KLR-11871/Herlufsholm 775.2 are slightly different.
On the nature of the green pigment on the surface layer
The analysis has proved that the green pigment in the paint layers covering the four books are characterised by a mixture of the yellow pigment orpiment and the blue organic dye indigo. This type of mixture for the colour green is mentioned in the famous manuscript Libro dell'arte written by Cennino Cennini in the first half of the fifteenth century: "A color which is made of orpiment, two parts, and one part indigo, is green; and it is worked up well with clear water. This color is good for painting shields and lances and is also used for painting rooms in secco. It does not want any tempera except size" [20] . There is evidence of orpiment being used as yellow paint as far back as the thirty-first century BCE in Egypt [21] , and Cennini's inclusion of a chapter about the pigment in his Libro demonstrates that it never really fell out of use. This chapter includes advice on the preparation of this pigment: Cennini notes that when the orpiment has been ground, it should be mixed with "little of a glass from a broken goblet because the powder of the glass attracts the orpiment to the roughness of the stone" [20] . Allegedly, the glass should help by breaking the fibrous structure of the orpiment and improve the mixing with the blue indigo, although this is not supported by present day experience.
In the paint layers analysed in this paper, the presence of quartz could play the role of broken glass and thus have helped to shred the orpiment mineral fibres. However, it is not clear if the quartz has been added on purpose, or if it was present in the ground orpiment material. This point links to the question of the origin of the orpiment. In nature, orpiment can be the product of either low-temperature hydrothermal veins or a volcanic sublimation product. Regarding the geological environment of the orpiment deposit, it could be associated with quartz, calcite, gypsum (CaSO 4 ·2H 2 O), baryte (BaSO 4 ), or stibnite (Sb 2 S 3 ) [22] . However, because of the difficulties met by the craftsmen to grind the orpiment crystal, a synthetic version was later developed. Even though several manuscripts mention orpiment as an "artificial" pigment since the fifteenth century, the first precise reference related to a sublimation process is dated to the second half of the eighteenth century. This sublimation could have been done either with natural orpiment or by sublimation of a mixture of sulphur and arsenic trioxide (As 2 O 3 ) [23] . According to the XRD results, the presence of calcite speaks in favour of a natural origin of the orpiment minerals. Therefore, the quartz could also be coming from the same natural source. The absence of arsenolite (As 4 O 6 ) in the XRD patterns constitutes another piece of evidence that supports the hypothesis of a natural origin mineral [23] , because arsenolite often contaminates synthetic orpiment. However, it must be stressed that we cannot be completely sure of the origin of the orpiment.
The indigo dye is usually described as a dye extracted from the leaves of trees belonging to the Indigofera species. However, other species form similar blue colorants such as Isatis tinctoria or Polygonum tinctorium. Indigo was used in Egypt, China, and India, with the first known occurrence at 6000 BCE in Catal Huyuk, Turkey [24] . Indigo is also known in Greek and Roman antiquity, probably transferred there from Egypt. During the medieval period, tincture from Isatis tinctoria is mentioned in the Capitulare de villis (Carolingian regulation text from the late seventeenth century) and evidence of its use as a fabric dye has been found at a tenth century Anglo-Scandinavian archaeological site in York [25] . Indian indigo became important trading merchandise in Europe with the intensification of the Indian trade and prevailed over the local species based blue pigments from the seventeenth century [26] .
The mixture of orpiment and indigo leading to the formation of green colorant is sometimes called "Vergaut" [27, 28] . Several examples of the use of this pigment in paintings have been found in the Indian and Islamic regions from the tenth to the sixteenth century [12, 29, 30] . In Europe, the mixture has been found in Byzantine manuscript paintings from late antiquity to early medieval times; an early example is a sixth century manuscript that is stored in the Austrian National Library [14] . Occurrences have been also found in English medieval manuscripts from the eighteenth to the eleventh centuries such as the Lindisfarne Gospels [31] , and in the famous Irish Book of Kells dated around 800 CE [13] . Pietro Baraldi et al. even speculate that, given the frequent appearance of vergaut in manuscripts dating to before 1000, it was one of the more common pigments used across book production at the time [32] . However, as far as we know this is the first time this pigment has been tested for and subsequently found on the bindings of books.
When and where were the green paint applied?
The various chemical analysis undertaken on the four samples investigated in this work show that the compositions of the colorants are very similar. The analytical results taken together the samples KLR-11920, KLR-11972, and KLR-12109 are very similar, while sample KLR-11971 has a slightly different mixing ratios than the rest. However, the difference between KLR-11971 and the others could be due to the very thin layer of paint which has been applied to this book. Overall, the chemistry is remarkably similar for all four books. While this similarity is striking, it is possible, if not likely, that all four of these books were bound in the same workshop. Pigment recipe manuals, as both manuscripts and later in print, were widespread in Europe at this time, and it was more efficient to follow these recipes rather than try to reinvent a colour formula. Urban scribes and artists were able to purchase raw ingredients from stationers in this period [21] , which may account for some of the similarities in the preparation of minerals.
The problem of which binderies worked with the books and applied the toxic paint can perhaps be elucidated by bibliographical observations of the four books. This style of quarter-pigskin binding was common in sixteenth and seventeenth century Germany [33] , June 2015 in London, Indeed, Mirjam M. Foot noted that German eighteenth century binding manuals actually list a costs for green parchment (12 Gr.) and "parchment that had been written on previously" (the cheapest of all parchment varieties, costing between 1 Thaler and 30 Gr. per pound) [34] . David Pearson describes how a combination of rising book production, limited supplies of new materials, and various political and religious upheavals led to the widespread practice of using recycled parchment-also known as manuscript waste-in bindings across Europe in the sixteenth and seventeenth centuries [35] .
The three Herlufsholm books have been published in Basel (Switzerland) and in Lübeck (Schleswig-Holstein, Germany) respectively. The bookbinders' use of blind-tooled lines, biblical motifs, the palmette patterns and even the Latin sentences/words was widespread in Europe at the time [4] . Tools for rolls and plates were reused, modified and copied-and could easily be brought from one place to another, e.g. by traveling bookbinders. Whether a bookbinder connection exists between the two-fairly synchronous-Basel volumes remains to be proven. The fact that at least two of the Herlufsholm books were owned by people from the northern parts of Germany, near the Baltic Sea, only proves that some books from this area would end up in Danish libraries. Due to their binding style and lack of identifiable binders' marks or dates, it is far more difficult to draw a link between the Lübeck and Bologna volumes, beyond the fact that they were both in Germany in the late sixteenth and early seventeenth centuries.
Assuming that the bookbinders applied the green paint, they could have done so independently in their respective workshops. However, it is possible that green pigment recipes have circulated among the craftsmen, and that the necessary raw materials may have been procured from the same sources in the late sixteenth and early seventeenth centuries. It also seems reasonable that a certain fashion for applying green paint to manuscript waste existed at the time, as noted by Foot [34] . In the case of the 1575 book (Basel), the bookbinder has provided the date of the binding (1581). The gap between the 1575 publication date and 1581 makes it clear that the publication year does not always align with the year of the binding. In the intermediate years, this volume may have travelled far. In all three Herlufsholm cases, the application of green pigment would seem to have been part of the final stages of the work done by the bookbinder. This is evidenced by, for example, the exposure of clean manuscript waste where the Smithsonian Libraries book is missing a pigskin corner.
Toxicity of the paint
The toxicity of orpiment has been well known since ancient times. Due to its toxic nature, the Romans used slaves to extract this mineral from the mines [36] . In his Libro dell'arte, Cennini also warns several times about the toxicity of the orpiment used in yellow pigment, specifically when it is swallowed [20] .
When orpiment interacts with water, it leads to the formation of arsine and arsenic acid which are mainly responsible of the toxicity effect. The complications resulting from the ingestion of orpiment can be severe corrosive damages in the digestive system and intravascular haemolysis. The absorption from the skin can also cause systemic toxicity (see [37] ).
Even though the analyses of air and wipe samples have been only performed on the book conserved in the Smithsonian Libraries, the high similarity of the chemical and mineralogical composition between the four books lead us to consider that their toxicity is comparable. However, the condition of such a book may also increase its toxicity potential, especially if it has the potential to pose an ingestion hazard through hand and surface contamination or has been exposed to wet or mold-producing conditions.
Implications for libraries holding poisonous books
Personal exposure and ambient air sampling for arsenic and arsine performed by the Smithsonian Libraries indicate arsenic and arsine inhalation exposures can be controlled for these poisonous books by using a laboratory chemical fume hood. However, surface wipe results showed that contamination of hands or surfaces when handling one of these books or sampling its painted cover remains an arsenic exposure concern, even when a laboratory chemical fume hood is used.
The poisonous books analysed in this work constitute a risk to human health if handled carelessly. The condition of the book and its binding can also contribute to its health risk, as bacterial action can break down the paint and produce arsine, and damaged covers can release particulate matter, contaminating contacted surfaces and hands. It is important to note here, that the KLR12109 book and the Emmerling book are currently considered to be in good condition, with minimal bacterial or fungal action, and little or no physical damage. In addition to their arsenic hazards, these books were also found to contain additional toxins, in particular, lead and mercury, which could also pose additional health risks for those who have these types of materials in their collections. Therefore, special precautions must be taken regarding the handling and the storage of these books.
For both readers and library personnel, the safe handling of these volumes requires wearing laboratory gloves with the volume(s) place on a protected surface (such as a large sheet of VWR Qualitative filter paper 600, which is standard procedure in our lab). Hands should always be washed after handling. The use of respiratory protection with P100 filters is recommended when a laboratory chemical fume hood is unavailable. The implementation of a handling protocol and a raised level of awareness of the library staff to this issue can reduce the health risks for users and personnel to a satisfactory level.
Concerning the safe storage conditions needed, the books located in University of Southern Denmark have been stored in storage boxes with warning labels which are placed in a fume cabinet, while the book of the Smithsonian Libraries have been stored in in sealed polyester bags placed in custom fabricated storage boxes containing warning labels. This second option is easy to set-up and do not require expensive materials. Another possible way to ensure safe access to the text of these toxic books is through digitization, but that involves significant costs in the form of equipment, personnel, and digital storage.
The possibilities outlined above imply both ethical and practical concerns, ranging from the principles of research freedom, and access to public documents, to technical, legal and resource issues raised relating to long term preservation and conservation of cultural heritage objects. Nonetheless, the results presented here underline the necessity for curating institutions to assess the risk of hosting these materials in their collections, to identify such volumes and to implement sufficient storage, and health and safety measures accordingly.
Conclusion
The four volumes dating from the sixteenth to early seventeenth century with original book bindings investigated here all have similar chemical composition; it is therefore likely that the binders of these books referenced the same recipe for the colour pigment. The colour green is made by a mixture of indigo and orpiment mixed with quartz. There are several trace elements embedded in these phases, most likely in the orpiment. The most notable ones are Sb, Cu, Ba, Au, and Pb, which occur in very low concentrations, but the spatial distribution of which are correlated very strongly with the green paint. The books originate from Basel, Lübeck, and Bologna, and their characteristic German binding structure, style, and the similar chemical composition of their green pigments emphasize how closely-knit sixteenth and seventeeth century bookbinding communities were in this region. There is little doubt that the purpose of applying the green paint was to hide the original medieval writing on the parchment waste, that is to enhance the aesthetic look of the book binding in the eyes of the sixteenth and seventeenth century owners or buyers.
The authors hope that the publication of this paper encourages other libraries to undertake chemical testing on suspect volumes if they are able to. In the case that this level of testing is outside the reach of some libraries, this paper can serve to provide suggestions for basic guidelines for the handling of suspect books in order to minimize contamination. Compiling a larger sample size of this style of binding will enable libraries to pool their expertise and resources relating to proper handling and storage, and may also allow book historians to better pinpoint where these binders worked. 
